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From an end-to-end performance perspective, a multi-agent-based cognitive resource management (MA-CRM) framework is 
proposed in this article. More importantly, we introduce a novel concept of resource flow (RF) as integrated CRM in a mul-
ti-dimensional environment scenario. We concentrate on the autonomous CRM framework in cognitive radio (CR) networks. 
Specifically, we first summarize the necessity of the novel concept for implementing intelligent and autonomous resource man-
agement considering both the requirements of various types of resource and the unified framework of the CRM scheme. Then, we 
introduce the concept of RF, including the technical aspects, purpose, classification, and description. Finally, we give a use case 
of RF for autonomous CRM, where the optimal RF is achieved to guarantee the resource-imbalanced requests of different service 
traffic flows. 
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With the rapid growth in mobile communications, deploy-
ment and maintenance of future networks are becoming 
more and more complicated, time-consuming, and expen-
sive [1–3]. In most existing networks, parameters are mutu-
ally adjusted to achieve a high level of network perfor-
mance. In Long Term Evolution (LTE), the concept of a 
self-organizing network is introduced, where system pa-
rameter tuning is done astronomically based on network 
measurements [4]. Meanwhile, cognitive terminals in future 
convergence networks of multi-heterogeneous radio access 
networks will be faced with a flexible environment includ-
ing radio, networks, and user context. Therefore, more effi-
cient cognitive resource management (CRM) strategies and 
algorithms have to be integrated in future mobile networks 
to further reduce capital expenditure (CAPEX) and opera-
tional expenditure (OPEX) [5–9]. In addition, the deploy-
ment and optimization of mobile networks are significantly 
complicated and challenging engineering tasks requiring a 
comprehensive systematic CRM and allocation approach, 
which determines the overall performance of the current 
communication systems and better guarantees the varying 
quality of service (QoS) of the different traffic flows [1,7,9]. 
Under the condition of high convergence of heterogeneous 
networks, how to achieve effective utilization of multi-  
domain resources is a great challenge and filled with strate-
gic meaning. Highly efficient use of resources not only 
means more revenue for the operators, but also bridges the 
gap between resource scarcity and resource under-utiliza- 
tion. To break the resource gridlock [10], CRM has been 
followed with great interest. For instance, multi-agent sys-
tem-based cognitive resource management architecture is 
proposed in [11], while a multi-agent learning optimal 
power control policy and channel selection without negotia-
tion in CR systems are investigated respectively in [11] and 
[12]. In [13], layer-less dynamic networks enabling the 
characterization of fundamental performance regions with-
out a presupposition of protocol stack layering are consid-
ered. This study is typically distinguished from previous 
results of cross-layer-designs that involve both high-layer 
functions including routing and scheduling, and low-layer 
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applications, such as resource management according to 
variations in the wireless physical channel. However, none 
of these previous works captures the characteristics of fu-
ture converged networks scenarios, and they only focus on 
the CRM scheme design of one type of resource, network, 
environment, or communication protocol. More importantly, 
current CRM schemes cannot adjust autonomously and ef-
fectively according to multi-dimensional variations in the 
environment. Moreover, the resources needed for an end-to- 
end performance aware cognitive terminal/user are not lim-
ited to one type; instead various types of resource demands 
including radio, network, devices, and so on. Therefore, it is 
of great importance to introduce a totally novel re-
source-related concept and corresponding CRM framework 
to satisfy the varying QoS requirements of different traffic 
flows in future converged networks. 
Faced with the trend of network convergence, greater 
demand for CRM technological upgrades has arisen. 
Viewed from different technical angles, for instance, the 
time-, space-, and frequency-dimensions, the same resource 
appears in different forms, which always contributes to the 
demand for recognizing, classifying, and describing re-
sources. Therefore, it is important to find a new method to 
characterize a multi-dimensional resource, and maintain a 
visual description of resource. Further, how to design a 
suitable mechanism to achieve a joint optimality of CRM is 
another challenge. In this article, first, we define RF in 
communication systems, and use the definition to charac-
terize the dynamic process of resource consumption and 
utilization. Further, we propose a corresponding CRM 
framework and autonomous decision-making strategies. 
Therefore, by defining the concept of RF and presenting the 
RF-based CRM mechanism, we can achieve efficient, dy-
namic, and adaptive resource allocation and utilization of a 
variety of multi-dimensional resources to enhance and 
guarantee the resource-imbalanced requests of different 
service traffics. 
1  Multi-agent-based cognitive resource man-
agement 
We know that terminals in CR networks are designed with 
great cognitive abilities. Also, from an end-to-end perfor-
mance perspective, we assume that cognitive terminals can 
sense the typical context of the radio, network, computing, 
and device environment to achieve multi-domain resources. 
Therefore, we only focus on these four resource categories, 
that is, radio, network, computing, and device resources in 
this article, even though there are many more kinds of re-
source in CR networks. 
Further, the available resource information aggregated 
after useful information extraction is manipulated by a 
powerful advanced information processing entity. In CR 
networks, we introduce a multi-agent-based CRM entity as 
the advanced resource information fusion center to over-
come the shortcomings of the limited processing capacity of 
terminals. Therefore, in this article, we concentrate on the 
multi-agent based CRM (MA-CRM) framework illustrated 
in Figure 1. According to the network’s architecture, we 
divide the MA-CRM into two cases: A distributed and a 
centralized MA-CRM. In the centralized MA-CRM frame-
work, the advanced agent entity is associated with the base 
station or the access point, which is a software package with 
resource sensing, analysis, reasoning, aggregation, and 
management abilities. Meanwhile, in the distributed MA- 
CRM framework, the advanced agent entity is always in-
stalled in the cognitive terminal with the same abilities as in 
the centralized MA-CRM framework. It can always achieve 
a more precise local resource awareness of the multi-   
dimensional environment than the centralized MA-CRM 
framework. However, heavy overhead from signaling may 
be incurred by the resource negotiation since cooperative 
negotiation needs to be done frequently due to rapid chang-
es in the multi-dimensional environment. Therefore, the 
distributed MA-CRM framework cannot truly guarantee 
real-time decision-making properties. 
In Figure 1, the tracking path of a specified mobile cog-
nitive user is along/close to the curve of the source agent 
(A1(S)) and intermediate agent (A2(I )) up to the destination 
agent (A3(D)). Each agent is resource-supported by the other 
agents due to the resource imbalance. For instance, the 
source agent (A1(S)) maintains an agent list consisting of A11, 
A12, A13, and A2, which are all under the control of A1 and 
have a resource relationship with A1. For example, A11   
and A12 work as resource supporters and A13 and A2 as re-
source expenditures with respect to A1. Therefore, the net 
resources perceived by A11 are mathematically represented 
as 1 1 1 1 1 1 11 12 13 2( , , , ) = { ,{ , },{ , }}f R C N D O A A A A , where O1 is 
the resource originally possessed by A1 at a specific time and 
location. Similarly, for intermediate agent (A2(I )), we have 
2 2 2 2 2 2 1 13 31 3( , , , ) = { ,{ , , },{ }}f R C N D O A A A A . Under these 
circumstances, to guarantee the end-to-end performance of 
the cognitive user, for example, from source to destination, it 
is of critical importance to provide continuous resource  
 
 
Figure 1  Multi-agent-based cognitive resource management (MA-CRM) 
framework. 
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support during the tracking path of any cognitive user in the 
CRN. As mentioned above, many types of resources, in-
cluding radio, network, computing, and devices and so on, 
appearing in a multitude of forms with different dimensions 
complicates the autonomous decision-making resource 
management in a unified scheme design for CR networks. 
Therefore, the wireless community urgently requires a more 
advanced CRM framework, which will be based on the cur-
rent research management schemes. Nevertheless, the cur-
rent CRM scheme and approach design have achieved sur-
prising network performance improvement during the last 
two decades, specifically, radio resource management. 
2  Resource flow 
To address the requirements of the development of future 
wireless networks and promising CR networks, we intro-
duce the concept of resource flows to generate the theory of 
wireless resource knowledge and science. Furthermore, this 
concept can assist in more advanced unified CRM ap-
proaches to guarantee end-to-end performance. The RF 
definition was motivated by that of traffic flows (TFs) given 
in [1,3,4], that is “A traffic flow is a logic group of packets 
which have a common attribute. This attribute may be the 
QoS class or the application the packets belong to”. 
Definition 1.  Resource flow (RF): RF is logical unidi-
rectional flow of resource locomotion, transfer, and trans-
formation of different varieties/dimensions of resources in a 
wireless communication system. 
Definition 2.  Streaming of RF: Streaming of RF indi-
cates the resource locomotion, transfer, and transformation 
of multi-dimensional resources motivated by the requests  
of traffic flows and other effects of resource dissipation  
and accumulation in communication network ecological 
systems.  
RF is high-level abstractions of different varieties/   
dimensions of resources encountered by any traffic flows in 
a wireless communication system. They include both a de-
scription of the resource itself and the process of resource 
locomotion, transfer, and transformation. Generally speak-
ing, RF describes the resource in the context of the radio  
(R), network (N), computing (C), and device (D) environ-
ment, and the streaming of RF describes the process of re-
source locomotion, transfer, and transformation. 
2.1  Scientific connotations 
RF provides us with a new concept and a train of thought 
for better achieving wireless resource knowledge and effec-
tively utilizing the wireless resource. The concept of RF 
embodies a variety of scientific connotations including the 
complexity, dynamics, and temporal and spatial characteris-
tics, as illustrated in Figure 2. 
The complexity, dynamics, and temporal and spatial  
 
Figure 2  End-to-end communication environment and multi-dimensional 
resource. 
characteristics are introduced as follows: 
(i) Complexity refers to the multi-dimensional compli-
cated context of the user, radio and network environment; 
the various kinds of resources; the flexible CRM scheme 
and the random resource requirements of the different users. 
Here, in CR networks, we observe all the possible environ-
ments in which a cognitive terminal could be located and all 
the related resource types managed by a flexible control 
scheme to maintain the various QoS requirements of differ-
ent users with a guarantee of end-to-end performance. 
Therefore, RF provides a unified penetration framework for 
different environments, resources, schemes, and users. 
(ii) Dynamics refer to the dynamic changes in resource 
utilization in the multi-dimensional environment; the mobil-
ity of various types of resource; and the user traffic switch- 
over property. RF is systematically dynamic processes, 
which are closely bound to resource demands, the environ-
ment, and pricing decisions of the operators. On the other 
hand, RF is itself continuously being updated with respect 
to format and quantity according to resource dissipation and 
storage. 
(iii) Temporal and spatial characteristics are the basic 
characteristics of resource locomotion, transfer, and trans-
formation. RF has properties of both temporal and spatial 
characteristics, which are manifest in two ways. First, run-
ning RF attributes different regular patterns and behavior 
due to the various types of resources and their different 
states and nature. Meanwhile, the same resource located in a 
different environment would cause RF to exhibit different 
behavior. Second, RF runs in various spaces including inter- 
network, intra-network, and the cross-layer and intra-layer 
of the communication protocol. 
2.2  Classification of RF 
Based on their range and the subjects upon which they act, 
RF is classified as longitudinal RF and latitudinal RF. A 
latitudinal RF is the resource locomotion, transfer, and 
transformation of a multi-dimensional resource crossing 
different networks (heterogeneous and homogeneous). A 
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latitudinal RF runs from a resource-rich network to a re-
source-poor network, which indirectly achieves load bal-
ancing performance. For example, in LTE networks, each 
enhanced NodeB (eNB) should implement load balancing in 
a self-organizing way to balance the traffic load; however, 
the use of latitudinal RF can avoid complicated manipula-
tion and implementation. 
A longitudinal RF is the resource locomotion, transfer, 
and transformation of a multi-dimensional resource crossing 
different protocol layers in the same communication proto-
col stack, which is mostly reflected by the resource variance 
in function and worth in different layers. Research on lon-
gitudinal RF will help to improve the resource utilization in 
different layers and further achieve better overall network 
performance. Due to the various types of resources in the 
protocol stack including physical resources, such as power, 
media access resources, such as switches, and network re-
sources, such as routers, and since we can see that these 
resource possesses different functional properties including 
power, delay, and error correction, we can formulate longi-
tudinal RF with typical functional properties to satisfy and 
balance resource requests and resource mapping in the pro-
tocol stack. 
2.3  Characterization of RF 
To characterize RF, we first recall the definition of electric 
current. If there is electric potential difference in a conduc-
tor, there will be an electric current running through it. 
Meanwhile, the flow of the electric current will cause ener-
gy loss including electrical energy loss of the electric re-
sistance and thermal energy loss of the conducting wire. 
Likewise, we introduce resource potential and resource re-
sistance to characterize RF in the “communication logic 
wire”. The flow of RF is certainly motivated by the resource 
potential difference between different agents in the commu-
nication scenario in Figure 1, which contains the resource 
potential and resource resistance caused by resource accu-
mulation and dissipation in communication network eco-
logical systems, respectively. Resource potential is the re-
source accumulation, which means that if the agent can ob-
tain more resources from others, the agent will be in a high 
resource potential level. For example, in Figure 1, the re-
source supporters A11 and A12 of agent A1 enhance the re-
source potential of A1. Essentially, resource resistance is 
resource dissipation, which is the result of the resource de-
mand of the traffic flows and the resource expenditure to 
other agents. In Figure 1, A13 and A2 act as the resource ex-
penditure of A1, which is one part of the resource resistance, 
and the other part is the resource demand of the traffic flows 
towards agent A1. The effects of the resource resistance are 
taken by the resource potential. Furthermore, we assume 
that resource potential is a vector, which has direction; on 
the other hand, resource resistance does not have direction 
and is scalar. 
3  Resource field space and mathematical mod-
eling of RF 
For the sake of a mathematical characterization of the re-
source potential and resource resistance, we visualize the 
whole communication scenario in Figure 1 as the resource 
field space. The resource field space is the sum of the radia-
tion field of the resource space of any agent at a specific 
location and time, which is the result of the sum of resource 
potential vectors. To better understand the concept of a re-
source field space, we use the power resource as an example 
to further explain this. Each subscriber in a communication 
network receives power transmitted by the base station, and 
the power received by the subscriber is attenuated mainly 
due to the distance of the subscriber from the base station. 
This can be illustrated by considering the base station as the 
power irradiator, and each subscriber being irradiated in the 
power field space, as shown as Figure 3. 
Mathematically, if the gross power of the base station is 
M, then the power arriving at location d is =d
M
Q
d , where 
  is the fading factor. If there is more than one base sta-
tion, the total power at location d is actually the sum of the 
power transmitted by the different base stations in different 
directions. Therefore, the power Qd arriving at location d 
has direction, and we can obtain the power strength as 
=d dE Q , where   is the gradient operational symbol. 
In this article, for example, for intermediate agent (A2(I )) in 
Figure 1, we have 2 2 2 2 2 2 1 13 31( , , , ) = { ,{ , , },f R C N D O A A A  
3{ }}A . Thus, the gross resources owned by intermediate 
agent (A2(I )) can be simply represented as 2 2 2 2( , , ,f R C N  
2 2 1 13 31 3) =D O A A A A    , which is a vector sum since 
every resource component is a vector. Mathematically, we 
can obtain the gross vector resources of any agent i, which 
is generally represented as 
 ( , , , ) = ,i i i i i i i i if R C N D R i C j N k D l  
  
 (1) 
where the four types of resources namely, radio (R), network 
(N), computing (C), and device (D) are considered to consti-
tute a four dimensional resource space. To illustrate the re-
source space clearly and directly, for instance Figure 3(b), 
 
 
Figure 3  Resource field space (a) and resource space (b). 
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during the following analysis, we use  
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where we omit the device resource (D), since this can sim-
plify the following analysis in the three-dimensions space. 
However, the analysis method can easily be extended to a 
much higher-dimensional resource space. We depict the 
three-dimensional resource space in Figure 3(b). Therefore, 
in eq. (2) we use triangular coordinates, where =iM  
2 2 2













  are the di-
rection cosines, and i  is the direction angle of 
( , , )i i i if R C N . We assume that the “resource pixel” is the 
minimum particle in the resource field space, similar to the 
electron in the electronic field shown in Figure 3(a). Each 
resource pixel k experiences the resource potential from 
agent i as 
 ,
,
( , , )
= ,i i i ik i
k i
f R C N
Q
r  
where rk,i is the distance from resource pixel k to agent i. 
Therefore, the resource strength of resource pixel k at loca-
tion rk,i is 
 , ,
,
( , , )
= = .i i i ik i k i
k i
f R C N
E Q
r
      

 
The flow of resource pixel k is motivated by 
,=k k i
i
E E  . All the flowing resource pixels in the resource 
field space constitute the RF. Thus, a RF is mathematically 
represented as ,= k i
k i
















       

 (3) 
if we consider ui as the resource resistance introduced by the 
resource demands towards agent i. The resource resistance 
ui only affects the resource magnitude. 
4  Multi-agent RF-filling analysis and algorithm 
design 
We suppose that the resource demands towards the agents 
are the main factors of resource resistance ui, and we omit 
the resource radiation loss of RF during the flow of RF in 
the resource field space. If the total resource demand to-
wards agent i is = ii m
m
u n , where imn  is the individual 
resource demand of traffic flows m towards agent i, then for 
each non-cooperative agent i, the multi-agent RF-filling 
model can be expressed as 
 maximize: = ii m
m
u n  















       

 (5) 
where eq. (4) indicates the resource constraint of agent i. 
Each agent i expects to maximize the resource demands of 
all the traffic flows by way of controlling the RF moving 
towards the optimal direction in the resource field space. 












   
 ,maxsubject to: ,i iM M   (6) 
where   is the surface integral of Ek,i with respect to sk. In 
addition, sk is the micro-surface of the resource field space 
around resource pixel k. 
Theorem 1. The multi-agent RF-filling model of eq. (4) 
is equivalent to eq. (6). 
Proof: Using the constraint condition of eq. (5), mathe-












   . 
Therefore, this concludes the proof. 
The significance of the equivalent model theorem (The-
orem 1) includes that: (1) the resource demands of the traf-
fic flows towards to an agent are transformed as the optimal 
control of the RF in the communication network ecological 
system; and (2) by controlling the optimal RF, we can im-
plement an autonomous CRM with the RF themselves and 
optimal resource allocation according to the requirements of 
the traffic flows. The optimization variable is *,k iE , and 
then the problem becomes one of how to determine the op-
timal *,k iE  to guarantee the resource demands of the traffic 
flows. 
Theorem 2. The optimal RF that satisfies the resource 
demands of the traffic flows is * *,= k i
k i
E E , where *,k iE  




= ln( 1),k i i
k i
E M   (7) 
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where  ,, 2, , , ,
1
= k ik i
k i i k i k i k i
E r
   

   and , ,= dk i k i kE s  . 
Proof: eq. (4) is a typical convex optimization problem 
with respect to ,k iE . First we apply the Lagrangian multi-
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To determine the optimal flow direction of the RF, we 
calculate the first order partial differential equation of eq. (8) 
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Further, letting eq. (10) equal zero, we get the following 
equation after a simple mathematical operation.  
 ,2, , ,
, ,
( ) = .k ii k i i k i k i i




       (11) 
Therefore, we obtain  
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2
, , , , ,
1
= .k ii i







    (12) 
Now, we let  ,, 2, , , ,
1
= k ik i
k i i k i k i k i
E r
   

  , and we get  
 ,
,





  (13) 
Solving eq. (13), we get  
 , ,= e ,
Ek i k i
iM c
   (14) 
where c is a constant. We know that if Mi = 0, then Ek,i = 0, 
which is always true. Therefore, substituting (Mi = 0, Ek,i = 
0) into eq. (14), we get c = –1. Finally we obtain the 




= ln( 1).k i i
k i
E M   (15) 
Therefore, the optimal resource strength of resource pixel 





= ln( 1)k i i
k i
E M  . The optimal RF 




E E . This concludes the proof. 
Finally, we propose the multi-agent RF-filling algorithm 
based on the above analysis, and detailed implementation 
steps of which are shown as: 
(1) Initialize the resource field space: 
(1.1) each agent i aggregates the gross resources Mi using 
eq. (2);  
(1.2) each agent i  calculates the resource strength Ek,i 
of resource pixel k at location rk,i using eq. (3);  
(1.3) when all agents have obtained the resource strength 
Ek,i of any resource pixels, we obtain the resource field 
space. 
(2) Autonomous RF control for optimally satisfying re-
source demands of traffic flows: 
(2.1) each agent i calculates , ,= dk i k i kE s  on a micro- 
surface sk of the resource field space around resource pixel k;  
(2.2) further, we get  ,, 2, , , ,
1
= k ik i
k i i k i k i k i
E r
   

    
according to the basic parameter design of the resource field 
space;  





M  ;  
(2.4) finally, the optimal RF that satisfies the resource 
demands of the traffic flows is * *,= k i
k i
E E .  
(3) At this time, each agent i  checks for new demands 
of resources from new traffic flows. If there are new re-
source demands, then return to Step 1. Otherwise, the algo-
rithm terminates.  
5  Simulation verification and results analysis 
We assume the simulation begins when all agents have ag-
gregated their gross resources. There are three (N=3) agents 
in the resource field space, with the resources owned by 
each agent being M1=100, M2=80, and M3=200, respectively. 
The agents are located at (12,22), (52,72), and (72,32), re-
spectively. First, according to the proposed multi-agent 
RF-filling algorithm, we calculate the initial resource field 
space. Then, we illustrate two cases with different resource 
demands. In the first case, the resource demands on the 
three agents are u1=50, u2=25, and u3=100, respectively, as 
shown in Figure 4. 
In the second case, the resource demands on the three 
agents are set to be u1=10, u2=8, and u3=200, respectively, 
as shown in Figure 5. 
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Comparing Figures 4 and 5, we can conclude that the 
strongest resource field space is generated by agent 3, with 
the maximum resource located at (72,32) and that as the 
resource demands of agent 3 increase significantly, the re-
source field space changes entirely, with all the RF flowing 
towards the greatest resource demands of agent 3. This tells 
us that the proposed multi-agent RF-filling algorithm 
achieves the optimal autonomous flow according to the re-
source demands of traffic flows and implements an effective 
CRM in line with resource demands. 
6  Conclusion 
First, we presented a CRM scenario, which urgently re-




Figure 4  Resource field space with resource demands on each agent 
u1=50, u2=25, and u3=100. 
 
Figure 5  Resource field space with resource demands on each agent 
u1=10, u2=8, and u3=200. 
zation of multi-dimensional resources. Consequently, we 
proposed the resource flow concept and further clarified the 
scientific connotations, classification, and characterization. 
The resource field space and mathematical modeling of RF 
were analyzed, and we presented the multi-agent RF-filling 
algorithm. Finally, we utilized simulation and a simple use 
case to reflect the autonomous properties of the proposed 
algorithm. We mathematically characterized and modeled 
the resource flows, and generated a theory of resource flows 
to implement an autonomous resource flow-based advanced 
resource management scheme under the proposed frame-
works of distributed and centralized MA-CRM in a high- 
densely deployed future heterogeneous network context, all 
of which are challenges to the wireless community. 
This work was supported by the National Basic Research Program of Chi-
na (2009CB320400), the Program for Changjiang Scholars and Innovative 
Research Teams in Universities, National High Technology Research and 
Development Program of China (2007AA01Z288), the National Natural 
Science Foundation of China (60572146, 60902032, 60902033 and 
60972047), Natural Science Basic Research Plan in Shaanxi Province of 
China (2012JQ8012), and the Program of Introducing Talents of Disci-
pline to Universities (B08038). 
1 Mehdi A, Behnam N. Quality of service in WiMAX and LTE net-
works. IEEE Commun Mag, 2010, 48: 104–111 
2 Wei B, Guo X B, Piao Y L, et al. Field test of HTS receivers on CDMA 
demonstration cluster in China. Chin Sci Bull, 2009, 54: 612–615 
3 ITU-T. Series Y: Global information infrastructure, internet protocol 
aspects and next-generation networks-next-generation networks-  
future networks. Technical Report, ITU-T Recommendations Ad-
vanced Search, 2011 
4 Hu H L, Zhang J, Zheng X Y. Self-configuration and self-optimiza- 
tion for LTE networks. IEEE Commun Mag, 2010, 48: 94–100 
5 Mitola J. Cognitive radio: An integrated agent architecture for soft-
ware defined radio. Doctoral Dissertation. Stockholm: KTH Royal 
Institute of Technology, 2000 
6 Haykin S. Cognitive radio: Brain-empowered wireless communica-
tions. IEEE J Sel Areas Commun, 2005, 23: 201–220 
7 Akyildiz I, Lee W, Vuran M, et al. Next generation/dynamic spec-
trum access/cognitive radio wireless networks: A survey. Computer 
Netw, 2006, 50: 2127–2159 
8 Zhao Q, Swami A. A survey of dynamic spectrum access: Signal 
processing and networking perspectives. In: Todd R, ed. Proceedings 
of the 32nd IEEE International Conference on Acoustics, Speech, and 
Signal Processing, 2007 April 15–20, Honolulu. Hawai: University of 
Hawaii, 2007. IV-1349–1352 
9 Thomas R W, Friend D Z H, DaSilva L A, et al. Cognitive networks: 
Adaptation and learning to achieve end-to-end performance objec-
tives. IEEE Commun Mag, 2006, 44: 51–57 
10 Goldsmith A, Jafar S A, Maric I, et al. Breaking spectrum gridlock 
with cognitive radios: An information theoretic perspective. Proc 
IEEE, 2009, 97: 894–914 
11 Galindo-Serrano A, Giupponi L. Distributed Q-learning for aggre-
gated interference control in cognitive radio networks. IEEE Trans 
Veh Technol, 2010, 59: 1823–1834 
12 Wang B, Wu Y, Liu K J R. An anti-jamming stochastic game for cog-
nitive radio networks. IEEE J Sel Areas Commun, 2011, 29: 877–889 
13 Goldsmith A. Beyond Shannon: The quest for fundamental perfor-
mance limits of wireless ad hoc networks. IEEE Commun Mag,  
2011, 6: 343–352 
 
Open Access This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction 
in any medium, provided the original author(s) and source are credited. 
